Regression of Abdominal Aortic Aneurysms by Simultaneous Inhibition of Nuclear Factor B and Ets in a Rabbit Model
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Abstract-Because current therapy to treat abdominal aortic aneurysm (AAA), and particularly to manage small AAA, is limited to elective surgical repair, we explored less invasive molecular therapy by simultaneous inhibition of the transcription factors nuclear factor (NF)B and ets using a decoy strategy. Both NFB and ets were shown to be markedly activated in human AAA. In addition, NFB-and ets-positive cells were increased in the aneurysm wall, and a part of the expression of NFB and ets was detected in migrating macrophages. Thus, we used chimeric decoy oligodeoxynucleotides (ODNs) containing consensus sequences of both NFB and ets binding sites to treat AAA. Inhibitory effects of chimeric decoy ODNs on matrix metalloproteinase-1 and -9 expression were confirmed by ex vivo experiments using a human aorta organ culture. To examine the regressive effect in a rabbit already-formed AAA model, transfection by wrapping a delivery sheet containing chimeric decoy ODNs around the aneurysm was performed 1 week after incubation with elastase. Importantly, treatment with chimeric decoy ODNs significantly decreased the size of AAA. Interestingly, significant preservation of elastic fibers was observed with chimeric decoy ODN treatment, accompanied by a reduction of matrix metalloproteinase-2 and -9 and induction of macrophage apoptosis. Regression of AAA was also associated with an increase in elastin and collagen type I and III synthesis in the aneurysm wall. Minimally invasive molecular therapy targeted to the inhibition of NFB and ets is expected to be useful for AAA through the rebalance of matrix synthesis and degradation. Key Words: gene therapy Ⅲ aneurysm Ⅲ nuclear factor B Ⅲ ets Ⅲ decoy A bdominal aortic aneurysm (AAA) is a common degenerative condition associated with aging and atherosclerosis. It is characterized by aortic wall inflammation, destruction of medial elastin, and expression of matrix metalloproteinases (MMPs). 1 Elective surgical repair or stent grafting is an effective approach to prevent death from AAA rupture. However, there is a conspicuous absence of alternative therapeutic strategies for this disease. 2 Particularly, despite gradual expansion, small AAAs have a low risk of rupture, and there is currently no well-defined treatment strategy for them. Therefore, the development of a novel therapeutic approach to regress AAA in the clinical setting would be useful.
Aneurysm development involves a complex remodeling process with an imbalance between the synthesis and degradation of connective tissue proteins. 2 Elastin and collagens are the major structural components of the aortic wall. Elastic fibers maintain the structure of the vascular wall against hemodynamic stress, resulting in prevention of aortic dilatation. In contrast, collagens are responsible for tensile strength and prevent aneurysm rupture. 3 Various extracellular proteinases participate in the process of destruction of the human aortic wall; in particular, MMPs secreted by migrating inflammatory cells are considered to be the predominant proteinases. 2, 4 Therefore, suppression of MMP activities is thought to be a useful strategy to treat AAA. Indeed, treatment with an MMP inhibitor or antiinflammatory agent is useful to inhibit the progression of AAA 5, 6 but is not sufficient to achieve the regression of AAA. Not only the suppression of MMP activities but also the production of connective tissue proteins is expected to be necessary for repair of the aneurysm wall.
To develop a new therapeutic approach, we focused on the transcription factors nuclear factor (NF)B and ets. Both transcription factors exert potent regulatory control of the production and degradation of extracellular matrix. NFB is well known to mediate inflammatory changes and also to regulate the transcription of MMP-1, MMP-2, MMP-3, and MMP-9. [7] [8] [9] Furthermore, recent studies have demonstrated that NFB inhibits transcription of the elastin and collagen genes, leading to suppression of their synthesis. 10, 11 In contrast, members of the ets family, including MMP-1, MMP-2, and MMP-9, also play important roles in regulating gene expression in response to multiple developmental and mitogenic signals. [12] [13] [14] From this viewpoint, we used chimeric decoy oligodeoxynucleotides (ODNs) to inhibit both NFB and ets simultaneously, leading to the inhibition of a wide variety of MMPs, including MMP-1, MMP-2, MMP-3, and MMP-9, which play a pivotal role in human AAA. Indeed, our previous studies successfully inhibited the progression of AAA in rat and rabbit models. 15, 16 However, for human therapy, treatment should regress the AAA rather than prevent the progression of AAA. To achieve this goal, the present study examined the effects of chimeric decoy ODNs to induce regression of AAA in a rabbit model.
Materials and Methods
An expanded Materials and Methods section is in the online data supplement at http://circres.ahajournals.org.
Synthesis of ODNs and Selection of Target Sequences
The following sequences of phosphorothioate ODNs were used (consensus sequences are underlined):
• Chimeric decoy ODNs: 5Ј-ACCGGAAGTATGAGGGATTTC-CCTCC-3Ј; 3Ј-TGGCCTTCATACTCCCTAAAGGGAGG-5Ј • Scrambled chimeric decoy ODNs: 5Ј-TCGAGCATATACGTG-ACTGCGCTCAG-3Ј; 3Ј-AGCTCGTATATGCACTGACGC-GAGTC-5Ј • NFB decoy ODNs: 5Ј-CCTTGAAGGGATTTCCCTCC-3Ј; 3Ј-GGAACTTCCCTAAAGGGAGG-5Ј • ets-1 decoy ODNs: 5Ј-AATTCACCGGAAGTATTCGA-3Ј; 3Ј-TTAAGTGGCCTTCATAAGCT-5Ј
Ex Vivo Organ Culture
Aortic specimens were obtained from patients with AAA at the time of open surgical repair. Immediately, each specimen was divided into 2-mm 2 segments of full-thickness aortic wall, followed by incubation in 20% collagen gel in DMEM containing decoy ODNs for 1 hour at 4°C. Then, they were placed in separate 24-well tissue culture plates with 500 L of DMEM and incubated for 48 hours. The conditioned medium was collected, and MMP-1 and MMP-9 were measured using ELISA (Amersham). This study was performed with written informed consent.
Electrophoretic Mobility-Shift Assay
Nuclear extracts were prepared from the neck and the most dilated part of human harvested aortic aneurysms, and electrophoretic mobility-shift assay was performed to analyze the expression of NFB and ets. ODNs containing the NFB binding site (5Ј-CCTTGAAGGGATTTCCCTCC-3Ј; only sense strand is shown) or ets binding site (5Ј-GTGCCGGGGTAGGAAGTGGGCTGGG-3Ј) were used as primers.
Transfection of Decoy ODNs After Formation of AAA
Male Japanese white rabbits (Kitayama Labes, Nagano, Japan) were anesthetized, and the infrarenal abdominal aorta was exposed via an extraperitoneal approach. Aortic dilatation was induced by incubation of the abdominal aorta with type I porcine pancreatic elastase for 2 hours. One week after incubation with elastase, dilatation of the aorta was confirmed by ultrasonography. Then, the AAA was carefully isolated again via an extraperitoneal approach, and transfection of decoy ODNs was performed using a delivery sheet containing decoy ODNs, without the use of viral vectors or other delivery techniques. 15 This delivery sheet was wrapped around the aneurysm; it immediately changes to a gel in wet conditions to allow incubation with naked ODNs. Animals were divided into 6 groups: (1) control, (2) treatment with scrambled decoy ODNs, (3) treatment with NFB decoy ODNs (1000 nmol), (4) treatment with ets decoy ODNs (1000 nmol), and treatment with (5) low-dose (200 nmol) and (6) high-dose (1000 nmol) chimeric decoy ODNs. Blood samples were taken before and 4 weeks after incubation, and laboratory parameters were measured with a standard autoanalyzer. This study was performed under the supervision of the Animal Research Committee in accordance with the Guidelines on Animal Experiments of Osaka University Medical School and the Japanese Government Animal Protection and Management Law (No. 105).
Ultrasound and Angiographic Studies
Ultrasonography and angiography were used to assess dilatation of the abdominal aorta.
Histological and Immunohistochemical Studies
Aortic tissue cross-sections of rabbits were stained with elastic van Gieson stain in a standard manner at 4 weeks after operation. Immunohistochemical staining was performed using the immunoperoxidase avidin-biotin complex method. Cross-sections of human AAA tissues were stained with rabbit polyclonal antibodies against NFB and ets-1 (Santa Cruz Biotechnology). A mouse monoclonal antibody against rabbit macrophages (Dako) was applied to paraffin sections at 1 week after transfection in rabbit experimental AAA. Double-immunofluorescent staining was performed to identify the expression of NFB and ets in macrophages in human AAA tissues and the expression of caspase-3 (Santa Cruz Biotechnology) in macrophages in rabbit tissues.
In Situ End Labeling of Fragment DNA: TUNEL
To evaluate apoptotic activity of macrophages at 1 week after transfection in the rabbit aneurysm wall, we performed double staining with TUNEL and immunofluorescent staining for macrophages.
SDS-PAGE Zymography
MMP expression in the rabbit aneurysm wall was assessed by SDS-PAGE gelatin zymography at 1 week after transfection.
Western Blotting
Protein extracts of rabbit AAA tissue were examined by Western blot using mouse monoclonal antibodies against tropoelastin (1:500; Elastin Products Co) and tubulin.
Picrosirius Red Staining
To determine the collagen type I and III content in the rabbit aneurysm wall at 3 weeks after transfection, cross-sections were stained with picrosirius red.
Real-Time RT-PCR
Total RNA was extracted from the rabbit aneurysm wall at 1 week after transfection, and quantitative real-time RT-PCR was performed. Primers based on the published sequences for rabbit collagen I, collagen III, and GAPDH were used. Primers for elastin were selected from gene sequences that were homologous between human and mouse. Primers for rabbit elastin (sense, 5Ј-CCTGACTCACGA-CCTCATCA-3Ј; antisense, 5Ј-CAGGTGCTTGGGTACCAACT-3Ј; 425 bp) were designed using Primer3. PCR products were sequenced and confirmed to be highly homologous as compared with selected sequences of the elastin gene.
Statistical Analysis
All values are expressed as meansϮSEM. For statistical analysis, a paired t test was used for comparison between 2 groups. One-way ANOVA and Tukey-Kramer multiple range test were used for comparisons among multiple groups. Changes in aortic size were also analyzed by repeated-measures ANOVA. PϽ0.05 was considered significant.
Results

Expression of NFB and Ets in Human AAA
In considering the feasibility of a chimeric decoy strategy to treat human AAA, it is extremely important to study the expression of NFB and ets in human aneurysms. First, we examined the expression of NFB and ets in human AAA samples. Of importance, electrophoretic mobility-shift assay study showed that both NFB and ets were markedly activated in the neck of human AAA, which is the region showing the most active progression, as compared with the dilated part of the AAA ( Figure 1A ). In addition, immunohistochemical study demonstrated an increase of NFB-and ets-positive cells in the outer aneurysm wall ( Figure 1B) , and, furthermore, a part of the expression of NFB and ets was detected in migrating macrophages by double-immunofluorescent staining ( Figure 1C ). These findings suggest that activation of NFB and/or ets might be among the major factors in the process of aortic dilatation in humans.
Inhibitory Effect of Chimeric Decoy ODNs on MMP Expression in Organ Culture System
Aiming toward human gene therapy, we used an ex vivo organ culture system of human vascular tissue from aneurysms. An excess amount of chimeric decoy ODNs, but not scrambled decoy ODNs, competed with the increased binding of NFB and ets (data not shown). Among various MMPs, MMP-1 and MMP-9 are considered to be especially important in the pathogenesis of AAA; thus, we examined the effects of chimeric decoy ODNs on the expression of MMP-1 and MMP-9. Secretion of MMP-1 and MMP-9 was significantly decreased by transfection of chimeric decoy ODNs in a dose-dependent manner, as compared with untreated control or transfection of scrambled decoy ODNs ( Figure 2 ).
Regression of AAA by Chimeric Decoy ODNs in a Rabbit Model
To assess the in vivo effects, we investigated the effects of chimeric decoy ODNs to induce regression of AAA in a rabbit model. The elastase-induced AAA model is a very popular model, and an extraperitoneal approach can be used to isolate the aneurysm in rabbits. This approach is suitable for operating twice for transfection of decoy ODNs after the formation of AAA, causing little interference around the aorta. We have previously demonstrated that NFB and ets activities were significantly increased and continued to be increased for up to 4 weeks in this model. 16 In addition, successful transfer of naked decoy ODNs into the aorta using a delivery sheet was confirmed, whereas decoy ODNs were also detected in other tissues beside the aorta, such as vein and fat. Indeed, transfection of chimeric decoy ODNs using this delivery approach significantly inhibited activation of NFB and ets in the aneurysm wall. 16 Using this model and transfection approach, we examined the effects of chimeric decoy ODNs in an already-formed AAA. AAA was already established at 1 week after incubation with elastase, and no significant regression was observed in the natural course. One week after transfection, treatment with chimeric decoy ODNs resulted in a significant reduction in aortic dilatation on ultrasound analysis ( Figure 3A and 3B and the online data supplement, Table I ). Even 3 weeks after transfection, progressive regression of AAA by application of chimeric decoy ODNs was still observed in a dose-dependent manner as compared with control (nontransfected animal) or scrambled decoy ODN treatment ( Figure 3B ). Moreover, single transfection of NFB decoy ODNs or ets decoy ODNs also reduced the size of experimental AAA. However, treatment with high-dose (1000 nmol) single-decoy ODNs showed a similar effect as compared with low-dose (200 nmol) chimeric decoy ODN treatment. In addition, the effect of high-dose chimeric decoy ODNs to regress AAA was significantly greater than that of single transfection of NFB or ets decoy ODNs ( Figure 3B ). These results indicated that chimeric decoy ODNs was very potent as compared with single decoy ODNs. Regression of AAA was also readily detected using simple angiographic study ( Figure 3C ).
Mechanisms of Regression of AAA Using Chimeric Decoy ODNs
We hypothesized that activation of NFB and ets affects the balance between the synthesis and degradation of structural proteins in the aneurysm wall. Elastic van Gieson staining demonstrated that treatment with chimeric decoy ODNs preserved elastic fibers, whereas scrambled decoy ODN transfer was associated with marked destruction of elastic fibers after elastase incubation ( Figure 4A and 4B). Additionally, the effect of chimeric decoy ODNs to induce regression of AAA was also confirmed by the size of the aortic cross-section. (Figure 4C ). MMP expression in the aneurysm wall was measured by gelatin zymography. Transfection of chimeric decoy ODNs significantly reduced the production of MMP-2 and MMP-9 and transformation into the active forms as compared with scrambled decoy ODN transfer ( Figure 5 ). In addition, migrating macrophages are considered to be the main source of MMP secretion. Immunohistochemical study demonstrated that recruitment of macrophages was significantly inhibited by transfection of chimeric decoy ODNs, whereas many macrophages migrated into the adventitia and media of aorta transfected with scrambled decoy ODNs ( Figure 6A ). Furthermore, double staining with TUNEL and an immunofluorescent stain revealed that, following transfection of chimeric decoy ODNs, migrating macrophages induced apoptosis. In contrast, transfection of scrambled decoy ODNs was associated with little apoptotic activity. Additionally, double-immunofluorescent staining also demonstrated the expression of caspase-3 in migrating macrophages by transfection of chimeric decoy ODNs ( Figure 6B) .
Finally, the regression of AAA was also associated with upregulated elastin and collagen synthesis in the matrix. Treatment with chimeric decoy ODNs resulted in a significant increase in mRNA expression of elastin as compared with sham or scrambled decoy ODN transfer ( Figure 7A ). Furthermore, a significant increase in tropoelastin, a precursor of elastin, in the aneurysm wall transfected with chimeric decoy ODNs was confirmed by Western blotting ( Figure 7B ). We also evaluated collagen type I and III synthesis in the aneurysm wall. Picrosirius red staining, which stains collagen type I and III, demonstrated that treatment with chimeric decoy ODNs significantly increased collagen accumulation in the adventitia ( Figure 8A ). In addition, type I and III collagen gene expression was also significantly increased within the aneurysm wall as compared with scrambled decoy ODN transfer ( Figure 8B ). Given these data, the regression of AAA by chimeric decoy ODNs might be mediated by not only inhibition of degradation of connective tissue proteins but also an increase of elastin and collagen synthesis.
To consider the clinical utility of chimeric decoy ODNs, laboratory parameters were examined before and 3 weeks after transfection. There was no significant difference in body weight between rabbits treated with chimeric decoy ODNs and scrambled decoy ODNs at 4 weeks after surgery (data not shown). After transfection, there were no significant changes in liver and renal function as compared with the data before transfection (supplemental Table II ). In addition, no histological changes or increases of apoptotic activity were detected in the heart and periaortic lymphatic tissue (supplemental Figure I ).
Discussion
Development of AAA is a complex remodeling process of the aortic wall as a result of progressive imbalance between the synthesis and degradation of structural proteins of the extracellular matrix, particularly elastin and collagen. 2 Destruction of the matrix is dependent on the expression of extracellular proteinases. MMP-2 and MMP-9 have attracted the most interest because MMP-9 expression was correlated with increasing aneurysm diameter 17 and MMP-2 level was elevated in the vasculature remote from the human aneurysm wall. 18 Also, inflammation appears to play a fundamental role in MMP production and AAA development. In human histological studies, increasing aneurysm diameter was associated with a higher density of inflammatory cells in the adventitia, 19 and MMPs were actively expressed by infiltrating macrophages located in the outer aneurysm wall. 20 NFB and ets are the center of interest in these pathological conditions of inflammation and matrix degradation. Indeed, this study demonstrated that NFB and ets were markedly activated in the human aneurysm wall, and a part of the activity was detected in migrating macrophages, although the comparison between normal aorta and AAA would be necessary in future studies. Therefore, the simultaneous inhibition of both NFB and ets using chimeric decoy ODNs could inhibit a wide variety of MMP expression and inflammation in the process of human AAA development. Importantly, a dose-dependent inhibitory effect of chimeric decoy ODNs on MMP-1 and MMP-9 expression was confirmed by ex vivo experiments using human aorta organ culture. These findings strongly support the feasibility of a chimeric decoy strategy to treat human AAA.
To assess further therapeutic effects of chimeric decoy ODNs, we examined the effects of chimeric decoy ODNs to induce regression of AAA in a rabbit model. The present study clearly demonstrated that chimeric decoy ODNs significantly reduced the size of AAA in a dose-dependent manner. In addition, chimeric decoy ODNs was very potent as compared with single transfection of NFB or ets decoy ODNs, as a result of the concomitant blockade of both transcription factors. The specificity of the therapeutic effects of chimeric decoy ODNs was associated with alteration of extracellular matrix turnover. Treatment with chimeric decoy ODNs inhibited the expression and activation of MMP-2 and MMP-9, associated with direct inhibition of MMP gene expression driven by either the NFB or ets binding site. Moreover, the recruitment of macrophages, which are considered to be the main source of MMP secretion, was also reduced in the aneurysm wall. In addition to the inhibition of adhesion molecule expression, treatment with chimeric decoy ODNs induced apoptosis of migrating macrophages. Apoptosis is a potential mechanism for the reduction in migrating tissue macrophages before transfection. For macrophage survival, activation of NFB is necessary for the expression of antiapoptotic proteins, such as Bcl-2, A1, and IAP. 21, 22 Therefore, it is suggested that suppression of antiapoptotic proteins by chimeric decoy ODNs induced macrophage apoptosis in the aneurysm wall.
Reconstruction of the aneurysm wall may require insertion of newly synthesized elastin and collagen into damaged fibers as well as inhibition of matrix degeneration. Upregulation of elastin and collagen synthesis by chimeric decoy ODNs might be more important to treat AAA. In adults, elastin turnover is slow and its production is almost absent. To maintain a steady state of synthesis, various factors participate in the downregulation of elastin synthesis, but recent studies revealed that elastogenic cells begin to synthesize elastin in some pathologic conditions. 23, 24 Interestingly, the present study demonstrated that chimeric decoy ODNs shifted the balance toward elastin synthesis. In addition, elastic fibers treated with chimeric decoy ODNs did not show a constructive abnormality on histological study. Our observations are supported by several reports that showed an association between NFB and elastin synthesis. Activation of NFB induced by interleukin-1␤ decreased elastin promoter activity and elastin mRNA level. 10 NFB may also affect elastin synthesis indirectly through decreased tumor necrosis factor ␣ expression. Tumor necrosis factor ␣ is regulated by NFB and has been found to markedly suppress the elastin mRNA level and transcriptional activity of the elastin gene in cultured human skin fibroblasts and rat aortic vascular smooth muscle cells. 25 Another principal structural component in the aortic wall is collagens, the degradation of which makes aneurysms prone to rupture. To repair the aneurysm wall, increased collagen synthesis is essential, as well as elastin synthesis. The major fibrillar collagens in the aortic wall are type I and III, which undergo continual metabolic turnover. In human aneurysm tissues, the amount of collagen is contentious, but assessment of amino-terminal propeptide of type I and III procollagen, a marker of type I collagen synthesis and type III collagen turnover, revealed that the turnover of type III collagen was enhanced in the serum and aneurysm wall tissues of patients with aneurysms. 26 However, the newly synthesized type III 
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collagen was mainly present in the media and resulted in impaired fibril formation of the aneurysm wall. 27 In contrast, production of procollagen type I was maintained at a low rate in serum and the aneurysm wall. 26, 27 These results may explain the decreased total collagen content, because collagen type I is abundant in the aortic wall. NFB is known to bind the murine ␣ 1 (I) and ␣ 2 (I) and human ␣ 2 (I) collagen promoter, and binding of this site results in inhibition of promoter activity and gene expression. 11, 28, 29 Ets factors are also associated with collagen synthesis. ets1 strongly suppresses transforming growth factor ␤ induction of the collagen type I gene in human fibroblasts. 30 Our present study demonstrated that type I and III collagen gene expression and protein accumulation were significantly increased in the aneurysm wall by treatment with chimeric decoy ODNs, whereas treatment with scrambled decoy ODNs was associated with significantly decreased collagen content. Importantly, increased collagen accumulation in the media led to fibrosis and weakness of the aortic wall, but treatment with chimeric decoy ODNs resulted in more intense deposition in the adventitia than in the media. This phenomenon has a beneficial effect to stabilize the aortic wall against tensile strength, leading to prevention of aneurysm rupture. We have previously reported the preventive effect of decoy ODNs against NFB and/or ets in rat and rabbit AAA models. 15, 16, 31 However, the previous studies did not assess the effects of decoy ODNs to regress AAA. It is obviously important to show the regression, rather than prevention, of AAA to consider the clinical utility of decoy ODNs. The present study clearly demonstrated regression of AAA using chimeric decoy ODNs. In addition to the previous observation, an increase in matrix protein synthesis and induction of macrophage apoptosis might also contribute to repair of the aneurysm wall. However, the influence of species differences on regression of AAA by chimeric decoy ODN treatment is not clear. It might be necessary to perform studies in other models, such as an angiotensin II-infused apolipoprotein E-deficient mouse model.
Recently, pharmacologic inhibition of c-Jun N-terminal kinase (JNK) has been reported to regress AAA in an animal model. 32 JNK activates the transcription factor activator protein-1, which acts with NFB independently or cooperatively to regulate expression of target genes in various physiological processes. Therefore, a part of the effect of chimeric decoy ODNs might be dependent on the same mechanism of inhibition of JNK. However, NFB mediates the induction of various genes without an association with activator protein-1 and negatively regulates JNK activation in the process of tumor necrosis factor ␣-induced apoptosis. 33 Furthermore, chimeric decoy ODNs control the expression of ets-induced genes. This evidence indicates that the effect of chimeric decoy ODNs was, in large part, associated with different signal transduction pathways from that of JNK to repair the aneurysm wall.
Regression of AAA by chimeric decoy ODNs could be mediated by the following pathways: (1) direct inhibition of MMP gene expression driven by either the NFB or ets binding site, (2) indirect inhibition of MMP secretion through inhibition of macrophage accumulation, (3) induction of apoptosis of migrating macrophages, and (4) upregulation of elastin and collagen synthesis in the matrix. More importantly, the present study demonstrated activation of NFB and ets in human AAA, and a significant decrease in MMP-1 and MMP-9 by chimeric decoy ODNs was documented in ex vivo cultured human blood vessels. Furthermore, it could be possible to use chimeric decoy ODNs with traditional treatment for the management of large AAA. Application of chimeric decoy ODNs at the time of open surgical repair or decoy eluting-stent grafting would be useful to prevent anastomotic aneurysm and dilatation of the remaining aorta and iliac arteries after operation. Given the successful regression of AAA using chimeric decoy ODNs in a rabbit model, gene therapy or molecular therapy targeted to inhibit NFB and ets simultaneously might provide a new therapeutic strategy to treat AAA.
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Expanded Materials and Methods
Materials
Rabbit polyclonal antibodies against NFκB (p65) and against ets-1 and goat polyclonal antibody against caspase-3 (p20) were from Santa Cruz Biotechnology 
Synthesis of ODN and selection of target sequences
The following sequences of phosphorothioate ODN were utilized: 
Ex-vivo organ culture
Aortic specimens were obtained from patients with AAA at the time of open surgical repair (n=24). Immediately, each specimen was divided into 2-mm 2 segments of full-thickness aortic wall, followed by incubation in 20% collagen gel in Dulbecco's modified Eagle's medium (DMEM) containing decoy ODN (100 or 600 µmol/L) for 1 hour at 4 o C. Then, they were placed in separate 24-well tissue culture plates with 500 µl DMEM, and incubated at 37 o C in a humidified 5% CO 2 atmosphere. After 48 hours, the conditioned medium was collected, and MMP-1 and MMP-9 were measured using enzyme-linked-immunosorbent assays (ELISA). Intra-assay coefficients of variance were less than 10% for all assays. Specimens were divided into four groups: no treatment, treatment with scrambled decoy ODN (100 µmol/L), treatment with low dose (100 µmol/L) and high dose (600 µmol/L) chimeric decoy ODN. This study was performed with written informed consent.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared from the neck and the most dilated part of human harvested aortic aneurysms as previously described. 
Ultrasound and angiographic studies
Ultrasonography was used to assess dilatation of the abdominal aorta noninvasively as previously described. 2 Rabbits were scanned transversely and longitudinally to obtain images for measurement of the luminal diameter and the area of the lumen of the aneurysm in the segment with maximum diameter. The aortic size was measured before and 1, 2 and 4 weeks after operation. Angiography was also performed to evaluate dilatation of the abdominal aorta before and 1 and 4 weeks after incubation with elastase. 
In situ end labeling of fragment DNA (TUNEL staining)
To evaluate apoptotic activity of macrophages at one week after transfection in the rabbit aneurysm wall, we performed double staining with TUNEL and an immunofluorescent stain. The TUNEL method was applied to paraffin sections with a fluorescein in situ apoptosis detection kit (ApopTag), according to the manufacturer's specifications. Then an immunofluorescent staining for macrophages was performed.
Protein reacting with the primary antibody for macrophages was visualized with fluorescence-conjugated anti-mouse IgG (Alexa 488). The images were visualized using fluorescence microscopy.
SDS-PAGE zymography
MMP expression in the rabbit aneurysm wall was assessed in each group one week after transfection (n=5 per group). Total protein was extracted from the homogenized whole aneurysm wall. Protein concentrations were carefully determined by the Bradford method. MMPs activities were measured in protein extracts (30 µg) by SDS-PAGE zymography as previously described. 3 After electrophoresis, the upper portion of the gel was divided and stained with silver stain to confirm equal amounts of loaded protein in each lane. The density of each band was measured by densitometry and statistical analysis performed.
Western blotting
Western blotting was performed to analyze the expression of tropoelastin, the soluble precursor of elastin, in the rabbit aneurysm wall. One week after transfection, the whole aneurysm wall was homogenized and total protein extracted (n=5 per group).
Protein extracts (20 µg) were separated by 12% polyacrylamide gel electrophoresis under reducing conditions. After electrophoresis, proteins were transferred to nitrocellulose membrane and incubated overnight at 4 o C with mouse monoclonal antibody against tropoelastin (1:500) and tubulin. Anti-mouse IgG-HRP was used for detection of the primary antibody, and visualized using a chemiluminescence detection system followed by autoradiography. The density of each band was measured by densitometry to quantify the protein level and statistical analysis performed.
Picrosirius red staining
To determine the collagen type I and III content in the rabbit aneurysm wall at 3 weeks after transfection, cross sections (6 µm) of rabbit AAA tissue were deparaffinized, rehydrated and stained with picrosirius red as previously described (n=5 per group). 4 The area of collagen deposition was calculated by quantitative morphometric analysis with a computer-assisted color image program. Results were expressed as a percentage by comparing total fractional area of the cross section.
Real-time RT-PCR
At one week after transfection, total RNA was extracted from the rabbit aneurysm wall with ISOGEN (n=5 per group). Quantitative real-time RT-PCR was performed using a Superscript III two-step qRT-PCR kit with SYBR green and the Prism 7900HT Real-Time PCR System (Applied Biosystems, CA). Primers based on the published sequences for rabbit collagen I (α 2 ) (sense:
5'-CATAGTCCTTGGGTCTGAG-3', antisense:
5'-GCATAAAGGGACACAACGG-3'; 338 bp), 5 collagen III (α 1 ) (sense:
5'-TTATAAACCAACCTCTTCCT-3', antisense:
5'-TATTATAGCACCATTGAGAC-3'; 255 bp) 6 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; sense: 5'-ACGGTGCACGCCATCACTGCC-3', antisense:
5'-GCCTGCTTCACCACCTTCTTG-3'; 266 bp) 7 were used. Primers for elastin were selected from gene sequences that were homologous between human and mouse.
Primers for rabbit elastin (sense: 5'-CCTGACTCACGACCTCATCA-3', antisense:
5'-CAGGTGCTTGGGTACCAACT-3'; 425 bp) were designed using Primer3. PCR products were sequenced and confirmed to be highly homologous as compared to 
Statistical analysis
All values are expressed as mean SEM. For statistical analysis, a paired t test was used for comparison between 2 groups. One-way ANOVA and Tukey-Kramer multiple range test were used for comparisons among multiple groups. Changes in aortic size were also analyzed by repeated-measures ANOVA. P<0.05 was considered significant. 
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